ABSTRACT: A survey for planktonic sea louse larvae was carried out in Loch Shieldaig, Scotland, between 2002 and 2006 , and spanned 2 successive production cycles (Cycles 1 and 2) at a local Atlantic salmon Salmo salar L. farm. The vast majority of the caligid copepodids recovered were Lepeophtheirus salmonis; however, the methodology was unable to determine the species of the caligid nauplii. Greatest densities of nauplii were found at the sampling station adjacent to the salmon farm, and larval densities were low during the fallow period of both cycles. Peaks in nauplius densities occurred around the same time in the 2 cycles, but the peaks were significantly lower during Cycle 2 than Cycle 1. Lepeophtheirus salmonis copepodid densities varied temporally, but not spatially. During most of Cycle 2, copepodid densities were significantly lower than those recovered during Cycle 1. Numbers of gravid L. salmonis at the local salmon farm correlated significantly with densities of louse nauplii and L. salmonis copepodids in the water at time lags of 0 and 1 wk, and 1 and 2 wk, respectively. This survey demonstrated a reduction in densities of L. salmonis larvae in the plankton (an indication of L. salmonis infectious pressure) between the 2 cycles and indicated that the farm was an important source of L. salmonis larvae. The application of anti-louse treatments using emamectin benzoate reduced the numbers of gravid L. salmonis at the farm, and this was the main factor influencing the apparent reduction in L. salmonis infectious pressure in the loch between cycles.
INTRODUCTION
Lepeophtheirus salmonis (Krøyer, 1838) is the dominant sea louse affecting farmed salmonids in Scotland, Norway and Ireland (Johnson et al. 2004 ). This sea louse occurs naturally on salmonids in the northern hemisphere, and it is not considered unusual for wild salmonids to carry a few individuals (Tingley et al. 1997 , Urquhart et al. 2008 . L. salmonis is largely specific to salmonids, and although infections have occasionally been reported in other groups of fish (Jones et al. 2006a , these should be considered as unusual (Kabata 1979) and may not enable the parasite to complete its lifecycle (Jones et al. 2006b ). Among Norway, Scotland and Canada, L. salmonis costs the aquaculture industry approximately 70 million GBP per annum (Heuch et al. 2005) . Another sea louse, Caligus elongatus (von Nordmann 1832), also occurs on farmed salmonids in Ireland and to a lesser degree in Scotland, but is rare in Norway (Pike & Wadsworth 1999) . C. elongatus was found to be rare in a previous plankton survey in Loch Torridon (Penston et al. 2008) .
Lepeophtheirus salmonis is meroplanktonic, and infestations generally spread by the egg-bearing adult female (gravid) stage releasing nauplius I larvae, which are transported by water currents and progressively develop through the nauplius II stage to the copepodid stage. The copepodid stage is infective and searches for a host in order to survive and mature. The duration of each stage of development is strongly dependent on temperature (Johnson & Albright 1991a) . Under average sea surface temperatures in Loch Torridon (around 10°C), L. salmonis nauplii and copepodids would last approximately 3 and 8 d, respectively (Johnson & Albright 1991a) , but may become less capable of finding a host after just a few days as finite energy reserves dwindle (Tucker et al. 2000) .
Few published accounts have described the behaviour of Lepeophtheirus salmonis larvae in the wild. Costelloe et al. (1998a,b) frequently recovered L. salmonis larvae near salmon farms in Ireland. They suggested that most of these larvae were probably of farm origin and that intermittent pulses of L. salmonis larvae that occurred near river mouths were probably of wild origin. A study in Loch Shieldaig, Scotland (Penston et al. 2008) , suggested that the majority of louse larvae recovered near a salmon farm were the progeny of L. salmonis on farmed salmon. In contrast to Costelloe et al. (1998a,b) , who concluded that farms only influence L. salmonis populations in their immediate environs, Penston et al. (2008) suggested that L. salmonis larvae can have a widespread effect in the surrounding waters.
As with most salmon farms in Scotland, Atlantic salmon Salmo salar L. farms in the Loch Shieldaig area complete a production cycle approximately every 2 yr (Revie et al. 2002) . Traditionally, farms are stocked in spring with salmon smolts free of Lepeophtheirus salmonis. Harvesting can occur any time after 14 mo post-stocking (Revie et al. 2002) and is completed in the second winter. After a farm is fully harvested, the site is left fallow for ≥4 wk before the next production cycle begins. Fallowing can break the life cycle of L. salmonis populations at farms by removing the host for a period greater than the lifespan of the larval stages, ca. 30 d (Grant & Treasurer 1993 , Jackson et al. 1997 .
Initial infestations of Lepeophtheirus salmonis on farmed salmon most likely result from larvae released by gravid L. salmonis on wild sources (Bron et al. 1993b , Pike & Wadsworth 1999 , Revie et al. 2002 . However, once an L. salmonis population has become established at a farm, the majority of further larvae infesting that farm will have originated from the L. salmonis on farmed fish (Tully 1989 , Bron et al. 1993a ,b, Revie et al. 2005 . Farms monitor L. salmonis burdens on their fish, and medicinal treatments are a critical element in controlling L. salmonis infestations (Revie et al. 2002) .
We conducted a plankton survey for Lepeophtheirus salmonis larvae between March 2002 and February 2006 during 2 successive production cycles (Cycles 1 and 2) of the local Atlantic salmon fish farm in Loch Shieldaig.
MATERIALS AND METHODS
Study area. Loch Shieldaig is a sea loch on the west coast of Scotland (Fig. 1) connected to adjacent lochs (Upper and Lower Loch Torridon) and the open ocean (via Lower Loch Torridon). Salmonids occur in Loch Shieldaig as livestock at 1 salmon farm and as the population of wild and stocked sea trout supported by the River Shieldaig, which discharges at the head of the loch. The sea trout migrations on this river are monitored by Fisheries Research Services using a fish trap. During this study, the sea trout smolt run generally occurred between April and June, and the return run took place typically between August and October (McKibben & Hay 2003 , 2004b , Raffell et al. 2005 , 2006 . Catch records from the River Balgy in the adjoining loch, Upper Loch Torridon, are maintained . A full description of the materials and methods is provided by Penston et al. (2008) .
Identification of larvae. Copepodids were identified to species using an inverted microscope (Zeiss ® Axiovert 200) with reference to descriptions by Johnson & Albright (1991b) and most particularly Schram (2004) . The shape of the maxilliped and its branching barb was a key species-specific criterion for identification of Lepeophtheirus salmonis copepodids (Schram 2004) . A full description of the materials and methods is provided by Penston et al. (2008) , and additional details can be found in McBeath et al. (2006) . Copepodids were identified in approximately 40% of the samples containing caligid copepodids, and these copepodids were recovered at a variety of stations over a range of seasons.
Gravid Lepeophtheirus salmonis counts. Salmon farms conduct regular frequent inspections of their fish to monitor Lepeophtheirus salmonis populations. Each farm company has its own protocol for monitoring L. salmonis, although they all follow a similar sampling design (Anonymous 2006). L. salmonis counts are conducted approximately weekly; the pens and fish sampled should be selected at random, and a total of approximately 25 fish should be examined (Treasurer & Pope 2000) . The sampling protocol for monitoring L. salmonis at Farm 1 was not made available despite having been requested.
Statistical analyses. The influence of station and time (production week) on nauplius and copepodid densities was investigated using Generalized Additive Models (Hastie & Tibshirani 1990 ). These models allow for densities to change nonlinearly with production week and for the relationship to vary with station. The basic modelling framework follows the standard approach for count data (e.g. McCullagh & Nelder 1989) and is detailed in Penston et al. (2008) . Penston et al. (2008) found a significant relationship between production week and log Lepeophtheirus salmonis larval density. Thus only 3 candidate models were considered here: log density ≈ s(production week)
(1) log density ≈ s(production week) + station (2) log density ≈ s(production week) × station (3) in which log density varies as a smooth function of production week with a shift in level between stations in the second model and a different relationship for each station in the third model (the × indicates an interaction between the variables). Each candidate model was fitted to the data, and the model with the lowest Akaike Information Criterion (AIC) was chosen. The smooth functions were constructed as penalised (thin plate) regression splines, with degrees of freedom (or bendiness) estimated during the fitting process (Wood 2006) . To investigate any association between the lice at the salmon farm and the larval lice recovered at the nearby station, cross-correlations were computed at several time lags between farm gravid counts and nauplius densities from Stn C, and between farm gravid counts and copepodid densities from Stn C.
RESULTS

Survey
In total, 465 samples were collected: 136 contained caligid copepodids and 61 contained caligid nauplii. Numbers of nauplii and copepodids in samples ranged, respectively, from 0 to 285 and 0 to 90. Low densities of larvae were recovered at the start and end of both production cycles. Most caligid larvae were recovered during Cycle 1, and nauplii were most abundant at Stn C (Table 1) . Of the 172 caligid copepodids identified, all but 1 (which was Caligus elongatus) were identified as Lepeophtheirus salmonis. 
Copepodid statistics
The model selected to describe the pattern of copepodid density (copepodids m -3 ) was candidate model 1: log density ≈ s(production week)
There was no evidence that densities varied between stations, either in magnitude or in relation to time; therefore, station was not included in the model.
Copepodid densities were significantly lower in Cycle 2 compared to Cycle 1 from approximately production Weeks 20 to 90 (Fig. 2) . Peaks occurred around Weeks 50 and 80 in Cycle 1. No peaks were evident in Cycle 2. Densities were low at the start and end of both cycles.
Nauplii statistics
The model selected to describe the pattern of nauplius density (nauplii m -3 ) was candidate model 3: log density ≈ s(production week) × station Because densities varied between stations both in magnitude and in relation to time (Fig. 3) , station was included in the model. The temporal pattern of nauplius densities at Stn C was similar in both production cycles, although the peaks in densities around Weeks 50 and 85 were significantly lower in Cycle 2. Stn E also showed significantly lower densities around the peak in Week 40 in Cycle 2 compared to Cycle 1. The densities and numbers of recovered caligid nauplii at Stn A were low (Table 1) , and no significant difference was found between the 2 production cycles (Fig. 3) .
Correlation statistics
We found a significant correlation between counts of gravid Lepeophtheirus salmonis at Farm 1 and nauplius and copepodid densities recovered from Stn C at 0 and 1, and 1 and 2 wk time lags, respectively (Fig. 4) . 
DISCUSSION
As the vast majority of the caligid copepodids recovered in the samples were identified as Lepeophtheirus salmonis, we therefore presume that most of the caligid nauplii recovered were also L. salmonis. However, because the identity of the nauplii is presumptive, we shall refer to the nauplii generically as 'sea louse nauplii'. Previous plankton surveys in Loch Shieldaig also found L. salmonis to be the predominant louse species (McKibben & Hay 2004a , Penston et al. 2008 . Larval L. salmonis densities were significantly lower for a large part of Cycle 2 compared to Cycle 1. What caused this reduction in infectious pressure and what can be learned from it?
There are 3 main sources of Lepeophtheirus salmonis in Scottish coastal waters: wild sea trout, wild salmon, and farmed salmon. Estimations of L. salmonis larval production from farms with infested salmon in Ireland, Norway, Scotland and Canada indicated that larvae from farmed sources can represent a high proportion (e.g. ca 95%; Tully & Whelan 1993 , Butler 2002 ) of the L. salmonis larvae in coastal waters. This is largely because there are often many more farmed salmon than wild salmonids (Heuch & Mo 2001) . The numerical dominance of farmed salmon compared to wild salmonids is also true for Loch Shieldaig. On average, < 50 sea trout returned annually to the River Shieldaig during the study, and annual catches of salmon and sea trout on the River Balgy (Upper Loch Torridon) were <100 between 2002 and 2005 ( Table 2 ). The farm in Loch Shieldaig stocked 500 000 Atlantic salmon smolts during both production cycles. Even presuming that only a small fraction of the returning wild sea trout and salmon on the River Balgy were caught, it is safe to assume that no more than 2000 wild salmonids ascended these rivers. There are several other small rivers in the Loch Torridon system, but their runs of salmonids are also likely to be numerically small compared to the farmed stock. Therefore, of the salmonid hosts available to L. salmonis in Loch Shieldaig, wild salmonids are estimated to represent <1% of the total, with farmed salmon making up the rest.
Greater counts of gravid Lepeophtheirus salmonis were recorded at Farm 1 during Cycle 1 than Cycle 2 (Fig. 5) , and therefore may have contributed to greater infectious pressure, as represented by greater densities of L. salmonis copepdids in the water column, on wild salmonids during Cycle 1 than during Cycle 2. Gravid L. salmonis were present between production Weeks 20 and 60 and around Week 80 in Cycle 1, whereas in Cycle 2 they were mainly reported around Week 80, although low levels (less than 0.04 gravid L. salmonis per salmon) were present around production Weeks 10 to 20 and 40 to 45. The time lags of the correlation between counts of gravid L. salmonis at Farm 1 and the densities of nauplii and copepodids in the water column at Stn C were consistent with L. salmonis larval development (Johnson & Albright 1991a) . This correlation indicates that the gravid L. salmonis on the farmed salmon were an important source of sea louse larvae. Penston et al. 2004 Penston et al. , 2008 , and this suggestion is supported by numerical models (Asplin et al. 2004 , Murray & Gillibrand 2006 , Gillibrand & Willis 2007 . This implies that self-sustaining L. salmonis populations on farms (Tully 1989 , Bron et al. 1993a ,b, Jackson et al. 1997 , Revie et al. 2005 ) might be contributing to infestation pressure in the wider environment, not just in their immediate vicinity. Costelloe et al. (1996) postulated that larvae released from lice on farmed salmon would have little effect on louse infestations outside the immediate environs of the farm. However, despite the possibility that some L. salmonis copepodids recovered in Loch Shieldaig might have been transported there from elsewhere, the bulk of the louse larvae would be expected to have been generated locally, as the largest farm in the area is located in this loch, and it is unlikely that L. salmonis larvae from sources other than the gravid L. salmonis on farmed salmon at Farm 1 would improve the correlation between recovered larval densities, particularly nauplius densities, and counts of gravid L. salmonis at Farm 1.
If, as this study and others suggest (Costelloe et al. 1996 , 1998a ,b, Penston et al. 2004 , the majority of the sea louse nauplii recovered near fish farms (e.g. Stn C) are derived directly from Lepeophtheirus salmonis on farmed salmon, then L. salmonis control measures applied at the farm, such as fallow periods and treatments, would be expected to affect larval densities, particularly nauplius densities. The fallow period in the farming cycle breaks the re-infecting population of L. salmonis by removing the host from the farm (Grant & Treasurer 1993) . The low densities of nauplii and L. salmonis copepodids recovered around the fallow periods supports the supposition here that L. salmonis on farmed salmon are an important source of louse larvae.
Within our study period, the local farm used only 2 types of chemotherapeutants: the pyrethroid cypermethrin (Excis ® , Vericore) and the avermectin derivative emamectin benzoate (SLICE ® , Shering-Plough Animal Health). Cypermethrin does not remove all stages of Lepeophtheirus salmonis (Hart et al. 1997) , and applications of this medicine often result in short-lived decreases of 2 to 3 wk in L. salmonis burdens at farms (Revie et al. 2002 ) and treatment success can vary (Sevatdal et al. 2005) . However, emamectin benzoate is active against chalimus, pre-adult and adult stages of L. salmonis (Stone et al. 2000a,b) and confers protection against recruitment that lasts approximately 10 wk (Stone et al. 2000c . Therefore, applications of emamectin benzoate may provide a more detectable signal than that of cypermethrin. Environmental factors such as freshwater runoff influence the biology of L. salmonis ), but do not influence the numbers of L. salmonis on Scottish salmon farms (Revie et al. 2003) . Freshwater input would be unlikely to compromise L. salmonis at Farm 1, as the freshwater input into Loch Torridon is relatively low (Murray & Gillibrand 2006) .
The first application of emamectin benzoate at Farm 1 was in the second year of Cycle 1. Coinciding with this treatment and a decrease in counts of gravid Lepeophtheirus salmonis at Farm 1, a decrease occurred in nauplius densities at Stn C, and in copepodid densities at all sample stations. Treasurer et al. (2002) reported that the first emamectin benzoate treatment at 2 study farms brought about an immediate decrease, and continued suppression, in numbers of L. salmonis at the farms for over 10 wk before recruitment recommenced. The cypermethrin treatments prior to the emamectin benzoate treatment may have contributed to the observed decrease in nauplius and copepodid densities prior to application of emamectin benzoate. However, as previously mentioned, L. salmonis counts at farms tend to start to increase after only a few weeks after cypermethrin treatments (Revie et al. 2002 and therefore only a short-lived decrease in nauplius densities would be expected and may have gone undetected. Furthermore, the use of a smoothing function in the models may overlook any short-lived changes in larval densities. The sustained period of low densities of nauplii and copepodids between production Weeks 60 and 70 of Cycle 1 occurred immediately after the emamectin benzoate treatment and is consistent with a prolonged protection against L. salmonis that this treatment can afford (Stone et al. 2000c .
The emamectin benzoate treatments applied in the first half of Cycle 2 appeared to have suppressed the increase in Lepeophtheirus salmonis abundance at Farm 1. Prior to the wider availability of emamectin benzoate, Revie et al. (2002) found that L. salmonis abundance typically increased on Scottish farms near the end of the first year. The numbers of L. salmonis at salmon farms at this stage of the cycle have an important bearing on future infestations at the farms within the same production cycle (Wadsworth et al. 1998 , Revie et al. 2003 . Consequently, the low counts of gravid L. salmonis at Farm 1 at the end of the first year in Cycle 2 would have promoted low L. salmonis infestation at the farm in the second half of the production cycle. L. salmonis populations at salmon farms have been linked with the larval population in the plankton (Penston et al. 2008) ; therefore, it appears that the efficacy of emamectin benzoate in reducing gravid L. salmonis numbers at Farm 1 and/or keeping them low in Cycle 2 contributed to the comparatively low larval densities in the wider loch. It is interesting to note that the emamectin benzoate treatment applied just prior to Week 80 in Cycle 2 did not appear to prevent an increase in numbers of gravid L. salmonis at Farm 1, nor in louse larval densities in the water column. Revie et al. (2002) reported that L. salmonis numbers per fish increase at farms toward the end of the production cycle and although they did not study the effects of emamectin benzoate treatments in that study, it appears that the same trend in numbers of L. salmonis was also applicable to Farm 1 despite the application of emamectin benzoate.
The coincidence of peaks in nauplius densities in both production cycles at Stn C possibly suggests that these are periods when elevated larval densities can be expected. The first and second peaks occurred around Weeks 50 and 85, respectively, which corresponds to February/March and October, respectively, in the second year of the production cycles. Revie et al. (2002) and Treasurer et al. (2002) also recorded peaks in Lepeophtheirus salmonis counts on farms at these times of year/cycle. The first peak in both production cycles in this study occurred around the time of year when strategic treatments were applied. Strategic treatments are applied around March, at a time when the parasite is at its lowest level of reproductive activity (Wadsworth et al. 1998) . Strategic treatments are an industry-led effort to minimise L. salmonis burdens on farms for the rest of the year (Rae 2002 , Anonymous 2006 and to minimise the burdens on farms during the spring wild smolt migration (Anonymous 2006). L. salmonis counts increase at farms during the first winter (Revie et al. 2002) ; therefore, a maximum could be expected just before the strategic treatments are applied, around March, after which time L. salmonis counts should be low.
Zero, or very low counts of gravid Lepeophtheirus salmonis reported at Farm 1 between production Weeks 61 and 71 in Cycle 1, and between production Weeks 0 and 75 in Cycle 2, may provide an indication of the larval densities from wild sources. During these periods, which cover a range of seasons, low levels of larval sea lice were recovered; mean and maximum densities were 0.003 ± 0.018 and 0.18 nauplii m -3 and 0.01 ± 0.004 and 0.33 copepodids m -3 , respectively. These densities reflect the larval densities from wild sources in Loch Shieldaig, and densities greater than this may arise as a result of contributions from lice on salmon farms or natural epizootics. White (1940) reported an account of a natural epizootic of L. salmonis on wild salmon in Canada long before the advent of salmon aquaculture. Counts of L. salmonis at Farm 1 remained within industry guidelines (Anonymous 2006) for most of both production cycles, except around Week 80, near the end of both production cycles. Elevated counts of L. salmonis are typical on farmed salmon at this late stage of the production cycle (Revie et al. 2002) . The guidelines recommend a treatment trigger level of 1.0 adult female L. salmonis per salmon between July and January, and 0.5 adult female L. salmonis per salmon between February and June when wild smolts tend to migrate. Gravid counts at Farm 1 largely remained within these recommendations in Cycle 1, yet the population of L. salmonis on the farmed salmon at Farm 1 likely contributed to increasing the larval abundance of sea lice above background densities. Perhaps infection pressure could be maintained close to background levels if farms had the ability (e.g. through medicines or husbandry) to control L. salmonis infections using more stringent trigger levels.
The survey results signify that the lower densities of sea louse nauplii and Lepeophtheirus salmonis copepodids were brought about by the improvement in L. salmonis control at the local salmon farm (Farm 1). The removal of gravid L. salmonis from Farm 1 during Cycle 1 and the suppression of numbers of gravid L. salmonis during Cycle 2 were the key elements in the apparent reduction in infectious pressure and were brought about by the application of highly effective medicinal treatments. Peaks in the density of sea louse larvae in the loch were found to occur late in the first winter of the production cycle, just prior to the application of strategic treatments and also near the end of the production cycle, just before farms completed harvesting. The control of L. salmonis infestations at salmon farms is a critical factor in the control of infestation pressure, in terms of larval abundance, in the open water of the loch away from the salmon pens. Anticipating these peaks in infectious pressure might lead to benefits in the control of L. salmonis at salmon farms. This study highlights the importance of L. salmonis control on farms with regard to the co-existence of healthy wild salmonid populations and salmon aquaculture. 
